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Abstract 
In the mechanical ventilation roomˈhuman body will block the air flows and change the original airflow organization. In the 
crowd places, the influence of the crowd may greatly change the indoor air movement and even worsen the environment. So the 
effect can not be ignored. The paper studied the influence of the human body to the indoor air movement by using the method of 
Particle Image Velocimetry (PIV) and numerical simulation (CFD). The PIV experiment and numerical simulation contain two 
conditions. One condition is an empty room and another contains models of human body in the room. The paper compared the 
result of experiment and numerical simulation. Numerical simulations are demonstrated to be accurate in the two conditions, and 
the Standard k-ε model most accurately predicts the flow in a room contains crowd model. In this study, the numerical simulation 
and measurements show that the crowds will greatly change the air distribution and the residence time of the flows in the 
building. Therefore, it is important that crowds be considered in ventilation design. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ISHVACCOBEE 2015. 
Keywords: Crowding condition, air distribution, piv, cfd 
1. Introduction 
China is a country with a large population. The city is very crowded and public resources are relatively poor. We 
are often in a state of congestion in the places such as subway station, supermarket, exhibition hall and so on. 
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According to the literature statistics, the occupant density in commercial buildings reach to 0.56 people per square 
meter [1]. In the most of underground stores, the occupant density reach to 0.75~1.2 people per square meter [2]. In 
the subway station, the peak occupant density even up to 2.5 people per square meter [3]. In the buildings with 
dense people, a good ventilation and air conditioning system is essential. Otherwise the temperature and humidity 
field will uneven and the indoor environment will deteriorate sharply. Eventually the feeling of comfort of people 
will decrease. 
The building provides human a comfortable environment, human in turn influence the environment. Firstly, 
human body will block the air flows and change its direction and size. Secondly, human body itself is a pollution 
source. Everybody produce heat, moisture and various pollutants constantly. At last, human body is unusually active, 
which entrain the air around. The above behaviours necessarily influence the building environment. In the crowd 
places, the influence of the crowd may greatly change the indoor air movement and even worsen the environment. 
So the effect can not be ignored. 
CFD has many advantages, such as low cost, high efficiency, data integrity and so on. So it has been treated as a 
valuable tool for room ventilation design. With the increasing computational power of computers, reliance on 
simulation for indoor air flow prediction will increase [4]. 
Zhao, L. [5] applied PIV to measure the air distribution of room, and analyzed the influence of indoor air quality 
affected by the suspended particles. Gunther G. [6] measured the flow field of idealized aircraft cabin by PIV. 
Meanwhile, he simulated the air flows and compared the measurement and simulation. Mortensen L H.[7] measured 
the flow fields of a bedroom by PIV, and analyzed the influence of the distance between furniture and wall to the 
flow fields. 
The paper studied the influence of the human body to the indoor air movement by using the method of Particle 
Image Velocimetry (PIV) and numerical simulation (CFD). Numerous studies show that the prediction of indoor air 
flow is very effective by use of CFD. But most of the studies have dealt with idealized indoor spaces, usually two-
dimensional, empty room. Real rooms, however, often have all kinds of complex geometries which certainly change 
the flow direction of the air. So whether the prediction of CFD is accurate under the real conditions is uncertain. 
Therefore, CFD verification and validation studies are imperative, as well as detailed sensitivity studies that can 
provide guidance in the selection of computational parameters for future CFD studies [8]. 
The verification of CFD which simulate the air flows of the room contains crowds is relatively few. For a real 
room, the accuracy of CFD cannot be tested because of the lack of   related experimental data. In order to checkout 
the feasibility of CFD on simulating the indoor air flows under the real conditions. The experimental platform of 
indoor ventilation system has been built, which can adjust the personnel density in the model room. We take 
advantage of the PIV to measure the velocity of the model room under the isothermal condition. The result can be 
used as the basis evaluating the accuracy of CFD. Although the real indoor spaces often have a variety of 
complexities such as temperature gradients and moving boundaries, some simplification is essential because of the 
limitation of condition. 
2. Methods 
2.1. Small-scale experiment  
The experimental system consists of a test chamber, some human body models, fan, air duct, and a particle image 
velocimetry system. The experimental system is shown in Fig. 1.  
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Fig. 1. Photo of the experimental system 
A one fifth sub-scale test chamber has been made. The room is made of organic glass with good light 
transmittance. It is 1m long, 0.75m wide and 0.6m tall. The inlet vent and outlet vent both on the right side of the 
room, supply the ventilation air from the upper part and remove the air from the bottom. The inlet and outlet are 
both 0.06m long and 0.04m wide. The inlet and outlet are connected to the air ducts by plenum chamber respectively.  
Two cases were measured. Case (a) is an ideal condition, the chamber is empty. In order to imitate the real room, 
a group of human body models have been made. In the case (b), ten human body models were fixed in the chamber. 
The human body models are staggered and the occupant density is 0.53 people per square meter. The size of the 
model is 0.34m long, 0.075m wide and 0.042m tall. They were connected with the bottom of the chamber by bolts.  
The PIV system is made by Lavision. The system consists of laser, CCD camera, tracer particle generator, post 
dispose device and controller. The system is shown in Fig. 2. The PIV measurements were conducted using a 2D 
PIV system consisting of a Nd:Yag (532 nm) double-cavity laser (2 × 400 MJ, repetition rate < 5Hz) to illuminate 
the field of view, and a CCD (Charge Coupled Device) camera (2048 × 2048 pixel resolution, max. 14.7 fps) for 
image acquisition. The tracer particles is DEHS, Tracer particle generator generate the tracer particles which the 
diameter is 1~2μm.  
 
 
Fig. 2. The PIV system 
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The measurement plane is located in the middle of the inlet and outlet. The distance between the plane and wall is 
0.375m. The plane is 1m long and 0.6m tall. The range of the measurement is restricted to the power of the laser and 
the pixel of the CCD camera. We divided the measurement plane to six same areas. Each area is 0.33m long and 
0.33m wide. We measured the areas one by one. The data of each area were put into together at last. 
2.2. Numerical simulation 
We made use of the software of Fluent to simulate the flow fields. The same geometry models were built. In this 
study structured meshing was used. The case (a) generates about 420,000 cells and the case (b) nearly 900,000 cells. 
Grid independence was conducted for the two cases. The precision of the cell is satisfied. 
We choose three most common Reynolds-averaged Navier–Stokes models to test and verify. They are the 
standard k-ε (SKE) model, RNG k-ε (RNG) model and Realizable k-ε (RKE) model. The SIMPLE algorithm was 
used for pressure–velocity coupling. Second order upwind discretisation schemes were used for the governing 
equations. The residual of the equations were set to10-6 for velocity, k, ε and continuity [9]. 
In this study we are interested in three kinds of boundary conditions: air inlet, outlet and wall boundary 
conditions. In case (a) the inlet velocity of X direction is 9.27 m/s and Y direction is 0.79 m/s. The turbulent 
intensity is 25%. The hydraulic diameter is 0.048m. The outlet is modelled as a pressure outlet. The wall is 
assimilated to opaque and no moving wall. In case (b) the inlet velocity of X direction is 9.06 m/s and Y direction is 
0.56 m/s. The turbulent intensity is 23%. The other conditions are same to the case (a). 
3. Results and discussion 
3.1. The result of case (a) 
The velocity contour and streamline of case (a) are shown in Figures 3~6. 
 
  
Fig. 3. Measured velocity contour and streamline of case (a)
˄PIV˅ 
Fig. 4. Simulated velocity contour and streamline of case (a) 
˄SKE˅ 
  
Fig. 5. Simulated velocity contour and streamline of case (a) 
˄RNG˅ 
Fig. 6. Simulated velocity contour and streamline of case (a) 
˄RKE˅ 
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Fig. 3 shows the measured velocity contour and streamline of case (a). The results are consistent with the 
expected. The air was jetted from the inlet and the velocity decayed rapidly. We can see the large recirculation 
vortex in the chamber, which is driven by the jet. The flow field is uniform below the chamber. 
Figures 3~6 show that the contour of three kinds of turbulence models are close to the experiment, and the overall 
flow trend is consistent. There exist some errors in the position of the vortex core. The comparison of the position is 
shown in Table 1. We found that the position of simulations tends to the upside in the Y-direction. The relative 
errors are no more than 10%. In the X-direction, the position of simulations is more close to the right side. The 
relative errors are no more than 20%. 
Table 1. Position of the vortex core 
simulations and experiment Coordinate㸦m㸧 
PIV experiment 㸦0.335㸪0.100㸧 
SKE model 㸦0.158㸪0.153㸧 
RNG model 㸦0.174㸪0.143㸧 
RKE model 㸦0.164㸪0.126㸧 
 
We compared the velocity of the line Y=0.3m between simulation and measurement. The line is at the middle of 
the measurement plane The results of comparison are shown in Fig. 7~8. 
 
  
Fig. 7. X-velocity profile of case (a) ˄Y=0.3m˅ Fig. 8. Y-velocity profile of case (a) ˄Y=0.3m˅ 
Fig. 7 compares the X-velocity between PIV and CFD. The results of simulation are larger than measurement 
near the inlet, especially the RNG model and the RKE model. The result of SKE model is relative accurate. In the 
middle of the room, X-velocity varies from positive to negative. The RNG model and the RKE model predict the 
inflection precisely. But there is little deviation between the result of the SKE model and the measurement. At the 
left side of the room, the result of the SKE model correlate well with the experimental result. By contrast, the 
performance of the RNG model and the RKE model is not good. 
Fig. 8 compares the Y-velocity between PIV and CFD. Overall, the calculation results of three kinds of 
turbulence models are very close to the experimental result. Nearby the wall, the results of simulation are larger than 
measurement. 
3.2. The result of case (b) 
The velocity contour and streamline of case (b) are shown in Figures 9~12. 
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Fig. 9. Measured velocity contour and streamline of case (b) 
˄PIV˅ 
Fig. 10. Simulated velocity contour and streamline of case (b) 
˄SKE˅ 
  
Fig. 11. Simulated velocity contour and streamline of case (b) 
˄RNG˅ 
Fig. 12. Simulated velocity contour and streamline of case (b) 
˄RKE˅ 
Comprehensive but detailed measurements of indoor air flows are generally difficult to accomplish, because 
similar to numerical simulations, boundaries can have a large effect on flow motion. In Fig. 9, there exist three black 
areas in the velocity contour, which are sheltered by three human body models in the front row. Because the CCD 
camera lens cannot faces every model exactly. The position of the four human body models which is empty in Fig. 9 
is slightly different from the others. In spite of the flow field is not complete relative to simulations, the experiment 
still provides enough accurate information for us.  
In Fig. 9, the entrainment of the jet is significantly strengthened because the human body models block the way 
of air flows, which is obviously different from the case (a). In addition, there did not generate a large recirculation 
vortex due to the blocking of models. In case (b) the X-velocity is little relative to the case (a), and Y-velocity play a 
major role in the flow direction. Resistance of human body models to the air makes the scope of outlet smaller. 
Eventually, the circulating air can not be exhausted in time, which reduces the ventilation efficiency. 
We compared the velocity of the line Y=0.3m between simulation and measurement. The comparative results of 
case (b) are shown in Fig. 13~14. 
Fig. 13 shows that the X-velocity changes very rapidly. The human body models indeed make the flow field 
complex. The calculation results of three kinds of turbulence models are very different. The results of the RNG 
model are much larger than the measurement near the inlet. As a whole, the results of the SKE model are more close 
to the measurement. But there exist some error in the middle chamber. The direction of the X-velocity is opposite 
between simulation and measurement. Such as it is, the X-velocity is much little than the Y-velocity. So the error do 
not influence the whole flow direction  
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Fig. 13. X-velocity profile of case (b) ˄Y=0.3m˅ Fig. 14. Y-velocity profile of case (b) ˄Y=0.3m˅ 
Fig. 14 shows that the Y-velocity changes regularly in each section. The Y-velocity varies almost linearly in each 
region. The calculation results of three kinds of turbulence models are close to the measurement in the most part. 
The only difference appears on the other side of the inlet. The results of simulation are larger than measurement, 
which is similar to case (a). The reason of the difference is that the boundary conditions of the wall are not 
completely consistent with the real. After all, the wall roughness is not easy to confirm. 
4. Conclusions 
Compared case (a) and case (b), we found that crowds will block the air flows and greatly change the air 
distribution. Under the crowding conditions, the influence is full-scale and can not be ignored. Therefore, it is 
important that crowds be considered in ventilation design. 
Of the turbulence models examined, the above three kinds of turbulence models can predict the indoor air flow 
very well in case (a), and the SKE model is the best one among them. But to case (b), only the SKE model and the 
RKE model predict the measured trends well and SKE model is better than RKE model. In summary, the SKE 
model is more suitable to predict the indoor air movement. 
The study show that CFD is trustworthy on simulating the indoor air flows under the real conditions. But model 
for every people is complex and even impossible under the crowding conditions. So a simplified model is necessary. 
We considered to making use of the porous media model to replace the crowd approximately. Although the crowd is 
not porous media, it did have some characteristics similar to the porous media. We look forward to the improvement.  
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